Abstract -The purpose of the present study was to investigate and compare the demonstrated variation in antimicrobial activity of honey produced by introduced A. mellifera and the stingless bee, Tetragonisca angustula, commonly kept in hives in Costa Rica. There was no difference in activity of honey produced by Apis mellifera and T. angustula against the 5 microbes tested. Honey from different phytogeographic regions exhibited differential antimicrobial activity and susceptibility of yeasts to honey of either species was greater than that of bacteria.
INTRODUCTION
The keeping of bees by different cultures for purposes of harvesting honey and wax has a long-standing tradition and history. Beekeepers and honey enthusiasts alike have long reported the medicinal qualities of honey (Ransome, 1986; Rudnay, 1987; Crane 1990; Molan, 1997) . Before the introduction of Old World species such as sugarcane and Apis mellifera L. to the New World, the only concentrated source of sweetener was "honey" 1 produced by stingless bees (Hymenoptera: Apidae: Meliponinae) and a few species of honey-making wasps (Hymenoptera: Vespidae). In Central and South America, indigenous peoples harvest honey and other hive products from native Hymenoptera through the practice of honey-hunting (Posey, 1983; Kent, 1984) and, in some locations such as the Yucatan Peninsula of Mexico (Kent, 1984; de Jong, 1999) , are able to keep stingless bees (Melipona beecheii) in natural log hives akin to modern forms of apiculture.
Much "folklore" has been attached to the putative medicinal effects of honey (Ransome, 1986; Crane, 1990) and studies have been conducted to confirm these effects for honey produced by A. mellifera (Molan, 1997; Bogdanov, 1997) . However, few researchers have investigated the same for stingless bee honey (Vit et al., 1994 (Vit et al., , 1998a de Bruijn and Sommeijer, 1995; Sommeijer et al., 1995) . The purpose of this study was to investigate and compare variation in antimicrobial activity of honey produced by introduced A. mellifera and a species of stingless bee, Tetragonisca angustula Illiger, commonly kept in hives in Costa Rica.
MATERIALS AND METHODS

Origins of honey
Honey samples were collected between June 16 and July 3, 2000 from six distinct phytogeographic regions of Costa Rica (Fig. 1) for use in two separate experiments. Honey produced by Apis mellifera was either bought directly from beekeepers (Sites 2-4) or harvested directly from the hive (Site 1). Due to seasonal production constraints, the sample size of the honeys from A. mellifera was small (n = 4; 1 hive each from Sites 1-4). Honey of stingless bees commonly kept in hives, Tetragonisca angustula, a honey of which is used in various local medicinal applications, was collected directly from pots within nests using sterile syringes (n = 14; 3 hives each from Sites 1, 2, and 4; 2 hives each from Sites 5 and 6; 1 hive from Site 3). The six regions (Fig. 1 ) are characterized as follows:
1. Horquetas -Caribbean lowland forest 2. Los Chiles -Northern lowland wet forest 3. Puriscal -300-400 m above sea level, no forest, farmland 4. San Marcos de Tarrazu -1500-2000 m, central highlands 5. El Sur de Turrubares -Pacific lowland rainforest 6. Heredia -1100-1300 m, Central Valley All honey samples were transferred onsite to 40 ml amber glass vials fitted with rubber/teflon septa to protect and conserve any light sensitive compounds. Within 12 hours of collection, all honey samples were stored at 0 to -20 °C.
Assay for inhibition of microbial growth
Two separate experiments were performed. The first experiment compared honey from Sites 1-4 of one hive each of Apis mellifera and Tetragonisca angustula. The second experiment compared honey (BBL 11043) , and the two yeasts S. cerevisiae and C. albicans were cultured on Sabouraud Dextrose Agar (Difco 0109) and YM Agar (Difco 0712), respectively. Media used in these studies were chosen to provide optimal growth conditions for each of the microorganisms.
The agar well diffusion method was employed to test the antimicrobial activity of honey of different species collected from the different regions. The larger end of a cooled, flamed Pasteur pipette was used to make four wells (4 mm diameter) in microbe-specific agar media plates onto which 10 µL of a suspension of a 16 hour culture of either one of three bacteria or one of two yeasts had been spread. One aliquot (0.6 mL each) of A. mellifera or T. angustula honey (undiluted) from the same region was deposited into each of two of the four wells on the same Petri dish. Two replicates of each plate were made for a total of four replicate tests per honey with each of the five microbes. The plates were incubated aerobically at 37°C for 48 hours.
Quantification of microbial growth inhibition
Quantification of microbial growth inhibition was determined by measuring the diameter of zones clear of microbial growth around the wells in the agar (including the well). Four measurements per well were made at 4 different directions (0°, 45°, 90°, and 135°) at three time intervals (17, 24 and 48 hours). During the first experiment, C. albicans cultures required 24 hours for sufficient growth and measurement. For each experiment, the data from each plate for a given honey were averaged and they were analyzed by 2-way ANOVA with the diameters of zones of inhibition as the dependent variable. Honey type and phytogeographic zone were main effects for Experiment 1 and microbe species and phytogeographic zone were main effects for Experiment 2.
Moisture content
Moisture content of all honey samples was taken directly in the field and again immediately before testing using a handheld Atago refractometer (Tab. I; Cox and Huser, 1996) .
RESULTS
Bee type and microbe type effects
There was no significant difference in the antimicrobial activity of the two honey types over the three incubation intervals for all phytogeographic regions (17 h F 1,20 = 2.15, 24 h F 1,24 = 2.12, 48 h F 1,24 = 0.07; P = 0.1585, 0.1583, 0.8005, respectively). Interactions between honey and microbe types (data for S. aureus not included in this analysis as there was zero inhibition of growth) were not significant for all incubation intervals (17 h F 3,20 = 0.06, 24 h F 3,20 = 0.24, 48 h F 3,24 = 0.86; P = 0.9797, 0.8655, 0.4777, respectively; Fig. 2 ).
Site and microbe type effects
Differences in the average diameters of zones of inhibition produced by T. angustula honey among the 4 microbe types tested were found at all 3 incubation intervals (17 h F 2,15 = 10.21; 24 h F 3,20 = 29.45; 48 h F 3,20 = 23.06; P = 0.0016, <0.0001, <0.0001, respectively; Fig. 3 ).
Significant differences in the antimicrobial activity of T. angustula honey from different phytogeographic regions were found during the last two incubation intervals (24 h F 4,20 = 3.48; 48 h F 4,20 = 3.34; P = 0.0259 and 0.0299, respectively). Mean separation tests (Tukey) revealed significant differences between Site 2 and 4 (Fig. 4) .
Interactions between honey and microbe types were insignificant for all incubation intervals (17 h F 8,15 = 0.18; 24 h F 12,20 = 0.50; 48 h F 12,20 = 0.56; P = 0.9900, 0.8914, 0.8478, respectively).
Site effects and microbe group comparisons
Measurements for the antimicrobial activity of T. angustula honey were grouped by microbe To discern differences in the susceptibility of groups of microbes to A. mellifera and T. angustula honey, the data were subjected to 2-way ANOVA (SAS V8, 2000) and followed up with contrast analysis. There were no differences in susceptibility between pairs of bacteria and pairs of yeasts. However, yeasts as a group had a greater susceptibility to both A. mellifera (data not shown) and T. angustula (Fig. 5) honey than bacteria as a group did at all 3 incubation intervals (17 h F 1,20 = 26.01; 24 h F 1,30 = 77.92; 48 h F 1,30 = 52.77; all P < 0.0001) (Fig. 4) .
DISCUSSION
There exists a belief among Latin American honey users that honey produced by native stingless bee species is more 'powerful' medicinally than that produced by the introduced A. mellifera (DeMera, unpublished data; Weaver and Weaver, 1981; Sommeijer et al., 1995) . Several factors may influence the antimicrobial activity of honey. They include, but are not limited to, its physicochemical properties, botanical origin, entomological origin, and symbioses with beneficial bacteria. Here, in part, the relative contributions of the honey's botanical and entomological origins have been investigated.
We found that the claim that stingless bee honey is more active medicinally than honey bee honey cannot be substantiated. Honey of different entomological origin from the same phytogeographic region did not differ statistically from one another in their abilities to inhibit the growth of bacteria and yeasts. While no influence of entomological origin on antimicrobial activity was found in this study, its importance should not be overlooked. Honey from different phytogeographic regions varied in its ability to inhibit the growth of bacteria and yeasts suggesting that botanical origin plays an important role in influencing a honey's antimicrobial activity.
Early studies comparing the antimicrobial properties of honey from A. mellifera with honey from stingless bees of the genus Melipona demonstrated that stingless bee honeys exhibited a stronger antimicrobial effect Vit et al., 1994) . However, these studies did not provide detailed information concerning the phytogeographical origins of the samples. Therefore the relative contributions of entomological and botanical effects cannot be assessed. However, subsequent studies provide evidence that phenolic compounds, particularly flavonoids, are responsible for antimicrobial properties of honeys (Bogdanov, 1997; Vit et al., 1998a Vit et al., , 1998b . Flavonoid profiles were found to vary with phytogeographical origin and not entomological origin. Our results demonstrating strong phytogeographical differences in antimicrobial activity are consistent with these observations.
There exists a higher risk of fermentation in honey with higher water content, such as stingless bee honey. Results for water content are consistent with Sommeijer et al. (1995) for honey of stingless bees and honey bees (Tab. I). It is interesting to note that T. angustula honey had higher average water content than A. mellifera honey. However, the two honeys did not differ in their antimicrobial activity against the microbes tested (Fig. 2) and therefore the observed results cannot be attributed to an osmotic effect.
More studies are needed to fully assess the contribution of entomological origin, flora and flowering phenologies to the antimicrobial activity of stingless bee honeys. Future investigations should include comparisons of hive products from as many meliponine species, phytogeographic regions, and flowering seasons as possible to identify particular factors which dictate the antimicrobial activity of honeys.
Differences in microbial susceptibility also warrant further investigation. Staphylococcus aureus, a Gram Positive bacterium, was not susceptible to any of the treatments in this study, while B. cereus (also a Gram Positive bacterium) was susceptible. It would be interesting to investigate variation in protective mechanisms of strains of S. aureus, especially in light of its emergence as a multiple antibiotic resistant wound infecting bacterium (Gulati et al., 1996; Anand and Shanmugan, 1998; Cooper et al., 1999) . The insect world is a relatively untapped resource in the search for efficacious natural products. Due to its biochemical diversity the microbial world has the potential to be an even greater resource for bioactive natural products. For this reason, efforts are needed to further characterize the mechanisms of the beneficial microbial symbioses of bees. These should include a comparative survey of the gut flora of the Apidae and the identification and isolation of any antimicrobial compounds produced. Résumé -Étude comparée de l'activité antimicrobienne du miel de Tetragonisca angustula (Meliponinae) et d'Apis mellifera provenant de diverses régions phytogéographiques du CostaRica. L'activité antimicrobienne du miel d'Apis mellifera L. a fait l'objet de nombreuses recherches mais la même attention n'a pas été portée à celui produit par les abeilles sans aiguillon (Meliponinae). Outre sa valeur en tant que source de sucre concentrée, le miel est souvent utilisé comme remède. Les consommateurs de miel du monde entier présentent des différences dans le comportement d'achat basées sur l'action médicinale supposée de certains miels. En Amérique latine de nombreux consommateurs croient que le « miel » produit par les espèces d'abeilles indigènes est plus actif du point de vue médicinal que le miel produit par l'Abeille domestique introduite. Le but de cette étude était d'étudier et de comparer l'activité antibactérienne du miel d'Apis mellifera et de celui de Tetragonisca angustula Illiger, abeille sans aiguillon couramment éle-vée en rucher au Costa-Rica. La méthode de diffusion sur gélose a été utilisée pour quantifier les différences dans l'activité antimicrobienne globale de ces miels provenant de diverses régions phytogéographiques. Aucune différence n'a été enregistrée entre les miels des deux espèces d'insectes, bien que le « miel » de T. angustula ait en moyenne une teneur en eau plus élevée (Tab. I). Néanmoins la capacité globale du miel de chaque espèce à inhiber la croissance bactérienne a varié d'une région phytogéographique à l'autre (Fig. 3) . En outre on a trouvé que les levures testées étaient plus susceptibles que les bactéries à l'activité antimicrobienne (Fig. 4) . De nombreuses causes possibles de variation de l'activité antimicrobienne doivent encore être étudiées. Nous recommandons qu'outre les étu-des de l'efficacité inhibitrice des différents miels vis-à-vis des microbes et des maladies qui leur sont liées, les futures études incluent la comparaison des produits de la ruche d'un nombre aussi grand que possible d'espèces de Meliponinae, de régions phytogéographiques et de périodes de floraison, afin de déterminer la contribution relative de ces divers facteurs à l'activité antimicrobienne. En particulier, les constituants chimiques des miels des sites présentant la plus forte activité pourraient être analysés et comparés. 
ACKNOWLEDGEMENTS
Tetragonisca angustula / Apis mellifera
